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ABSTRACT

_5-_2 o

The Air Augmented Rocket Power Plant Design Program calculates the

thrust (as a function of downstream distance) obtained by enclosing
a rocket exhaust within a duct. Additiona] values calculated are

the velocity vector_ temperature_ density_ the species concentra-

tions of H20 _ H2, 02_ C02, CO and N2, and the Math number through-

out the mixing region of the exhaust as a function of downstream

distance.
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I

1.0

1,1

GENERAL INrOR_ATiO_

Two versions of th{s progr_m e_;s¶_ a _CRT_.N !I proqram to be run on

the iBM 70o_ co_put_r: and a FO_T_AN _V progran tO be run on the 5R_

|]07 computer,

Purpose

The Air Augmented Rocket Pe_er Plant Des qn Proeram ;s intended tO

solve the problem area _ilustrated ;_ Figure _. The f_el-rich exhaust

from the rocket nozzle _ixes with t_v se¢onaar_ stream (air entering

through the duct) and combusts. The rest!ring cuct radius and thrust

are computed vs. X; an_ the temper_ur_:_ density, _ach number_ anO

specie_ concentration are =o_ut{_d vs. _ anO vo

Two oroble_s which arise in the des _n of a _otor are: ]) Off-Design_

and 2) Design Point. Tn_s procjram is _sed in the solution of both of

these problems as described below.

Off Design:

In this prob|em it ;s assumed that the duc_ shape is known. It is

desired to ca]cu]ate the thrust of this ct_ct For various flight condi-

tions., i.e., a]titude_ air speed and rocket po_er ]eve_.

For the off-design problem the program aoPs not perform an inlet cal-

culation. The effects of e|tltude and air speed are ;ntroduced through

the mass f|ow rate and total temperature and pressure of the secondary

stream at the nozz|e exit plane.

Assuming these s'econdary stream conditionsare known the thrust on the

duct can be calcu|ated as _ollc_s.

1)

2)

Approximate the effective duct shap_ (there is some ,duct shape which

when input to the Air Augmented program prodJres the desired duct

shape as output. It is assumed that the user has through experience

a reasonable guess as to what thie "e_fect;ve" duct shape is.)

Run the Air Augmented program to compute the resuIting duct shape

and the corresponding thrust.

Check that the resulting duct shape coinc_de_ with the known duct

shape.

If not to the accuracy required then alter the ef(ectlve duct shape and

repeat steps 2 and _. Once the resulting duct shape corresponds to the

known duct shape the analysis is complete.

The most efficient operation of this motor occurs when the Secondary

stream goes supersonic. Unfortunate|y t_e secondar_ stream conditions

at the nozz]e exit plane which produce th;_ type of f|ow are not inde-

pendent of the rocket exhaust conditions. To determine the most opti-

mum per_ormance_ step 2) above would be bro_cn down as fotlows:

U_I 4288 l_O00REV. 3/84
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I

I.I

1.2

1.3.2

Purpose (Continued)

2.I) Estimate the secondary strea_ cond;t _ns (:_ PT_ TT). Again t

is assumed that reasonable engi_cerir9 gue_Res car De made.

2.2) Calcu]ate the pressure distr;butlon and p!ume shape us_pg the
separate Plume Program.

2.3) Check to see if choked flc_w occurrcc. If not vary the estimates in

step 2.]) and repeat step 2.2). I( the Flow is satisfaclorv:

procecd to step 2.4).

2.4) Input the pressure distribution and p)ume shape froff thP Plume

calculation into the separate Mix-Master program to calcu|ate the

output duct shape and thrust. Continue _o step _).

Design Point:

In this problem it is desired to determine the duct shape for specific

flight condit;ons. This may be accomplished as fol!ows:

I) Estimate the pressure distribution a_'d ir_itial stream conditions.

2) Use these in the combined Plume-Mix-M3ster program to c omoute
duct shape and resulting thrust.

Estimates in step ]) may be varied in an attempt to maximize thrust.

Assumptions

The analysis performed is a two-dim_.nsiona] analysis, assumTng the model

is either axisy_r2etric "or two-dimensiona! (see references | and 2).

Limitations

Limitations in the Plume Program

The Plume Program assumes nothinq about wF,_t _pec;es ar_ being used. It

raere.ly knows the specific heat ratios and gas constant and assumes t_ese
are constant.

The user generally desires a choked Flc z,_ cond{tion ;n th" serordary

stream when using option 2) (see section !.)}. It was quite dlfFicult

for him to determine the total cenditions ;n the secondary stream which
would produce the desired choked conditions,

In the production cases run, we experienced a shOCk wave reflecting off
the axis of the motor. The program cannot handle this situation,

Limitations in Mix-Master

OTemperature (T) must be in the range 450°R % T % _950 R.

This program is ];_ted to the six species u.O _2 02 C02'L _ ' ' CO and N2.

U3 4211B 2000 REV. 3/64
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! .3.2

l .4.2

Limitations in Mix-Master ICont;nued_

The time required to run a case ;nc_.:ates =xponen_;_;!, as _ ;_cr_:a;es.

Recommendat;o_s

Re=orr_.endations +'nr the P_ume Program

As ,mentioned in 1.3•! the user has some dif{iculty in detcrm;n_ the

" total condition in the secondary St_na _. An ;terat;on process could be

set up to find these conditions.

Recommendat;ons for Mix-Master

l) It is recommended that the user input ,'_ in the range •03 to .05

feet.

2) If species other than those mentioned in section 1.3.2 are to be used,

the fo]|owlng is recommended:

":r:ca. Write new versions of the subrout;nes NONEQ! and NONES3 for each

group of species under consideration,

b. Write a general version of the Mix-Master main program.

;) Increase the dimension statements Io accon_odate n_re than

six specles.

Read in a variable corresponding to the number of species

used, Use this variable in the approprlate DO statements.

iii) Read in a code to indicate whcih spec;es arc to be used to

determine the extent of the mixing zone, (See Appendix Ap

Section _.6,3). Add this cooe to the calling sequence _or

NONEQ3 or store it in co.non.

;v) Read in the species name using an A for,nat for variable

output (H20_ 02, etc.).

v; Modify the output to print the maximu_ number of possible

species•

If the species continuitv, momentum or energy equation is

modified in the subroutine NONEQ3 then the criteria for

stability wi|l have to be re-analysed (see section 6.!•B).
t

Z_x is the fixed interval between fronts (ft.).

_-_" New routines are reco_w_ended due to the unique manner of calculating the

• concentrations of the present six species.

a
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1.5 Opt ions

._ 2)

":_ 3)

Plume as a distinct program.

a. Ambient pressure is input.

b. Duct radius is ;nput.

Mix-Master is a distinct program.

a. Jet and secondary stream conditions are ;nput,

b. An arbitrary prof;le of the mixing region conditions are input.

Plume and Mix-Master as a chain program.

a. Ar_b;ent pressure is input.

b. Duct tad;us is :nput.

c. Jet and secon0ary stream corditions or-, input.

_r See Appendix B.

See sections 1.0 through Appendix A.
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2.0

2,1

2.1,I

PROCEDURE

Input Nomenclature

Since the Air Augmented Rocket Power Plent Oesiqn Pro_r_w_ is the

linkin 9 of two existing program_ the input n_m_nclatcre will be
divided into two sections. The _irst sect)on will consist of the

nomenclature used in the Plume Program and the second section will

contain the nomenclature used in the Mix-Master Program.

Plume Input Symbols Definition

Program Math

Symbol _ Definition

ALT

BB

Altitude (this value is _ead in and printed out for

reference information only) (Feet)
i

An array for ;,'_puttlng either pressure or effective

duct shape (see NPORA below). The input may be

either as coefficients of a po]yn'w_-ial or in tabu-

far form (see INDP belc-,_), Ic a polvnomlal is used

give the high order terms fir ft. A_ an example, if

INDP = Oj

NPP = 3

then'the polynomial used is

BB(1) X 2 + BB(2) X + BB(3).

If tabular input _s used then the independent and

dependent variables should be alternately placed

in the BB array. For example the following table:

X Y

0 I00.0

l.0 150 .O
2.0 140.0

(i.e. Y = f(X) would produce|)

INDP _ I

NPP - 6

BB(1) = O,O

BB(2)-- I00.0

BB(3)- l,O

BB(t+)- 150.0

BB(5) = 2_0

BB(6) = 140.0

The following restrictions should be noted for

tabular input,

I, fiB(1) _ 0.0

2. The independent variably (X) must be ;ncreaslng

3. NPP must be an even number.

Modified version of AS O317 and AS 1311.
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I

2_ i ] Plu_ Irput 3ymbols DefinTt'on (Continued)

Prngram Math

Symbol _b_!

CPH

DeFinition

CPH . I indicates a×isymr_etr;c f!r,._,
CPH = 0 indica:es two-di_ens:ona! flow.

DBFL

GAMJ 7
J

GMN M

Degrees between fan !;nes in the F(snmt1-Meyer

expansion (:> O. i) (angular de_rees).

Gamma of the rocket exhaus'. (Ratio of specific

heats)

Mach number of the rocket exhaust.

GSEC
_SEC Ga_Irn_ in secondary strea_. (Ratio of speciflc

heats)

IN.OP Indicator to describe the form of the data im the

BB array :
INDP = 0

INDP # 0

BB ar_ coeff;cients of a --(NPP-I) th

order p,_lynomia! in X.

BB ;s taou:ar ;_Tu? '.-,i_ _i a_ the

_n_pt'ndent variable.

ISTS An indicator used only when NPORA E O. If:

ISTS_ 0 The _Ic_ in the seconoarv stream is

a_sumed to. be subsonic at the nozzle

e_;t plans.

ISTS _ 0 The f}c_: in the secondary stream i5

assumed to be supersonic at the nozzle

exit plane.

LSTART An indicator and count for the variable properties

input:

LSTART _ O No veriab|e pr:)perties. The variab|es

TZ_ T_, THET, TXM_Z, TPRESS should not

br _npul.

ESTART > 0 T_e properties at the exit plane are

variable and must be read as input

_TZ, TR, ...). LSTART _ives number

o¢ points to be :nput,

NPORA Indicator tO describe use of EB array:

NPORA = 0 BB gives the ambient pressure distribu-

tion of the secondary stream.

NPORA _ 0 BB gives the Y coordinate of the _ffec-

rive duct shape'.

NPP The number ofvalu_s to be read "nto the BB array•

U3 4288 20¢0 REV, 3/64
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2,! .1 Plume Input Symb_',_ Definition (Cont nucd)

ProQram .Math

S i.?OO _V_b,_ I

P._EC PSEC

D_f ir.i¶ ;on

Static pressure, in _econdary _trca-,. t ' )

PJ P
J

PTSEC D
TSEC

Static pressure of thP r_cket e×haust. (Iblft 2)

?
Total pressure in seconoa_v stream. (lblft')

RGCJ Rj
Ft !bs

Cas constant o_ the rocket exhaust. ( !b mass_R )

RN RN Nozzle raoius. (ft)

RSEC R
SEC

T_MP, T
j

Gas constant in secondary str,.,a-. (
:t Ibs

in -,ass °R )

Static temperature of the roc'.ct u_haus'. (°k)

TPRESS P

TTHET @

This is an ar,ay to read ;n _tatic pr(_ssure (Ib/Ft 2)

at the nozzle exit if the conditions are not con-

stant (i.e. LSTART > 0). Note TPRESS(!) PJ.

This is an array t_ read if: the flow angle (in

degrees - measured from tne axis of symmetry) at
the nozz|e exit if the exit conditior_s are not
constant (i.e. LSTART > 0).

TTSEC
TTSEC Total tempecature in seco_ary stream. (OR)

TR Y An array to read in the Y coord;nate (ft) of the

nozzle exit conditlons_ specified Dy TTHET_ TXMN

and TPRESS_ when the exit conditions arc not con-

stant (i.e. LSTART > C). The following res!.ic-
tions hold:

1. TR(]) = RN

2. TR(j) _ 0 for all ;.

3- TR must be decreasing.

TXD Maximum X value which will be attained by a point

on the ax_s of the plume. (ft)

TXMN M An arra7 to read in the Math number at the nozzle

exit if the end condilinns are not constant (i.e.
LSTART > 0). TXMN(!) :- GMN.

TZ X An array to input the X coordinate (tt) of the

nozzle exit conditions, specified by TTHET, TXMN,
and TPRESq, when th_ exit conoitions are not con-

stant (i.e. LSTART > 0). The fo!lc_i_g restrictions
nold:
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2_1°1

2.].2

Plume Input Symbols Definition (Cont;nued)

Program Math

Symbol

e

WSEC WSE C

Definition

!. TZ(1) = O.0
2, TZ must be increasing.

Total mass f]ow in secondary _trea_. (1b/see)

X X the X coordinate is measured in feet along the

axis of symmetry from the noTzle ex:t plane. The.

program was originaI!y written usin 9 Z instead
of X.

Y Y The Y coordinate is measured in feet perpend;cular

to the axis of _ymmetr_, T_e axis of symmetry has
the Y coordinate value of zerc, The program was

ori£inatIy written using R instea_ of Y.

Mix-._aster Input Symbols Definition

Program Math
Symbol Sw:bo]

AAA

Definitlon

The name of the array that stores the input case
identif'ication. Starts in col. 2 and ends in col,

72.

A

C2(I,1) tie

Exponent in turbulent layer growth law.

The jet side (_0) boundary value of H20 species

concentration (lb. of H20/lb. of total mixture)

C2(2,1) C2e The jet side (_0) boundary value of H 2 species

concentration. (lb. of H2/Ib of total mixture)

C2(3,I) C3e

C2(4, 1) C/+e

The jet side (_0) boundary value of 02 species

concentration. (lb. of 02/lb. of tota! mixture)

The jet side (tO) boundary value of C02 species

concentratFon. (lb. of C02/|b. of tota! mixture)

C2(S,I) Cse

C2(6,1) C6e

The jet side (_0) boundary value of C0 species

concentration. (lb. of C0/!b. of total mixture)

The jet side (_0) boundary value of N2 species

concentration. (lb. of N2/Ib. of total mixture)

U3 42811 2000 REV..3/&4

REV SYM

OigQiNAL PAGE

oF  :K)R )UAUT,f

_8"#AI#_' I NO., AS ] q27
IpAc_ 9



2.1.2 Mix-Master Input Symbols DeFinition (Continued)

Program Math

Symbo_ S_2_bol Definition

C2(I,NMAX) C
IS The secondary stream (1-NMAX) boundary value of

H20 species concentrat;or_.

(lb. of H_g./Ib. of tota: mixture)

C2(2,NMAX) C2S (INMAXThe secondary stream ) boundary value of

H 2 species concentratior_.

(ib. of H2/lb. of total mixture)

C2(3,NMAX) C3S The secondary stream (_NMAX) boundary va)ue of

02 species concentration.

(lb. of 021lb. oF total mixture)

C2 (4 ,NMAX) C4S The secondary stream (_NMAX) boundary value of

CO 2 species concentratior.

(}b, of C02/Ib. of total mixture)

C2(5,N_AX) CSS

C2(6,NMAX) C6S

Thesecondary stream (_'NMAX) boundary value of

CO species concentration.

(lb. of CO/lb. oF total _ixture)

The secondary stream (_NMAX) boundary value of

N2 species concentration.

(lb. of N211b. of total mixture)

DELTA _, = 1 indicates axisym_etric flow.

_ 0 indicates two-dimensional flow.

DX 60( Fixed interval between fronts. (ft)

EPSON c o Reichards exchange coefficient.

FCON C

FL l

FLET L

e t

Viscosity constant.

Reference !ength. (ft)

Turbulent Lewis number.

KSL IP The psi line that corresponds to the radius of

slipline (RE) at the initial front.
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2.1.2 Miy-Master Input SymbolsDefinition (Cor tlnued)

Program Math

Sym_n|.. _[ Definition

LFPOhT The _ront irterva! For ,'n;c_ Dr;ntoLt is to OCCUr.

i.p, every LFRONT Fror[s a pri_t3u_ ;_ procuced.

MMA× The maximum number of frorts for ,_nicn ¢a',cula-

tiOns are tO be. performer.

NMAX The maximum number of det,_red _rid points at the
initial Front.

NMIR NMIN = 0 indicates the pr(;Dert et_ in the jet and

secondary stream_ are c<msta_t b,,t ,,or necessari }y

equal. (See page 18 ). X ;s nt_'rna! :V set tO

Zero and NMtN ;S th,:n intern,}[ y %{t [(, one.

NMIIJ _= l ;no;cares an arbitrary r-:,t;[e is input.

The value o ( kMl_i _.clr, r the r'r_-: p_,i iin_, for

whEch input iS giver, iStt cctio," 3.!; page 18

and Appenc ;x A, page 27 )

NS T_ number of points on eith_ s;0c of the KSLIP

ps_ line fcr _h;-F _ _-_, _ cu,v_ ;_ desired.

i._. btt_o,_r tVStlP an_ KS[!T'-_T ' ,_rC ;KSLiF and

the in;tia! frcrt to i_Sure a sr"ooth transition

of properties between the jet ard se:ordary stream.

NXTAB The number of points in the axle! coordinate,

radius and pressure table. [Input cniy if Mix-

Master is to be run as a noP-=ha;n job.) See

Append}x A and section 7.2 page 55 - (NXTAB _ 3)

PRT

PTAB

P
r

t

Turbulent Prandt_ nu"_ber

The name of the pressure array. (iaift 2) (Input

only if _;x-haster is.to bc run as a nen-cnaln job.)

See Appendix A an0 Section 7.2, page 55.

RDZERO
ro 0

The radius oF the duct at the ;n;tla_ Front. (ft)

RE r
e

The radius of the sllp line at the initia] front.
(._t)

RTAB The name of the radius array (-ad:u_ tn the slipIine}

(ft) (input only ;f_i×-_aster is to be ru# as

a non-chain job.) See Appendix A and Section 7.2_

page 55 •
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2.!.2 Mix-Master Input Symbols Definition (Continued)

Program Math

Sy_bo_ _ Deficit;on

RZERDI R01

T2(I) T
I •

The radius to the referenge psi ]ine_ '_ . See
figure 2, page ]3 . (ft) J

The initial value of tempcrature in the jet. (OR)

T2 (NMAX) T S

TESMAX

The initial value of temperature in the secondary

st,eam. (OR)

The test vatue _o determine whep the nixing region

has expanded to the secondary stream. (See Aopen-

dix B, page 55).

TESMIN

v2(1) u
e

The test value to determine when the mixing region

has expanded to the let stream. (See Appe_dix

B, page 55 )-

The initial value of the axial ve_ocity component

in the jet. (ft/sec)

V2 (NMAX Us The initial value of the axial velocity component

in the secondary stream. (ft/sec)

X X

XTAB

Input only if NMIN _ I. The distance downstream

for which the arbitrary profile is given. (ft)

The name of the downstream distance array. (ft)

(Input only if Mix-Master is to be run as a non-

chain job.) See Appenoix A and Section 7.2_ page

55.

!
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2.2 Me t hod

As observ_tions are made' farther ant! Farther "Jc_,.,n_t_ca"r Cro'_ a rocket

nozz|e it is noted that the mixinq area ,-xpands. It ;c. a!sn pored

that the stream !i;_e_ eminat.;ng at the nc_Tz_e .=x;t and ccrrc__p,_-ndng

tO the nozzle radius; changes shape (,sep _i'lure !, ua(_t. S). (NOTE:

The rate the mixi,nq area expat_d_ a_:d the sh,_pc t_e strea_ line assumes

_s eependent to a large degree on the type a_d qu_,.'t., c'f the qa_,.'.s

in the exhaust.) Baslca]lv, the preb!e_ _.'_r _indir _ th_s _.treamline

shape (pl.ume shape) and thr species conc_ r,trations, te_per..tures_

densities and ve!ocitles throughout the mix;ng ,)tea at various dls-

tances from the rocket nozz',e is solvec, in the ,_oI[_;ng r_ar_n(_r.

The Plu_w_ program creates a tab]e of radi;'_. This Lab!c prod,,ces _.he

effective plume shape. The Mi>-Master arc.._,a m ca:cu=ate__ the turbulent

exchange coefficient (CV) from :he expression

X

which can also be expressed •

eve --_ (2)
2a

where

¢0 = Reichardtms coefficient

_ avera'ge velocity between the inner and outer streams (ft/sec)

l = reference length (Ft)

a = proportionality constant (or _et spreao factor)

The parameter e is an empirical parameter which m, tst be detern_ined

experimentaiJy. Reichardt_s coefficient is deleted as

_0 = ---_
20 _

.'. knowledge of o for given _ permits ca!culat;o_ of c e (re+erencc _).

These radii have a one to one correspondence to stream lines and pressure_

as.a function of distances (downstream) and are ca|culated Dy the meC_od

of'char_cteristics.
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2_2 Method (Co_=inued)

It is convenient _o ut;!;ze the yon Mis=s trar_'",_'tic, r _Tth the

stream function defined by:
i

= aU r

i
X

TF. Is transfr, rraation ;s perFornw_d ;r. order to so',v., tne Co]lowing
equations more convenient:y by the _in;le d;f:rrenc< ,-_e,=r,.e.

• G_oba] Comtinuity Equal;on:

x 5
Z)(,'Ur") " .:(_v: )

'- 4. - 0
'X _r -

(a)

(5)

Species Continuity E'tluat ion"

" i_CK .-- It:: LLt]dX _r S L'r p W'_
r r J

t

(.E)*

Momentum Eouat;on:

_l.t ;_U _P I _' -_U
oU _ + oV .-- = --- _---T.. _ = _" -- Ic'r oX . V _r

r

(7)':"

Energy Equation:

Cp K "T : U _ + --_)" + -=--- I Cp{oU _ + pV c _:; 'r L; K

L _ _T ")CK '--""

} CPK .... > WK %V P • _- _-

t K K

!Z]
t

_,L:! •

where

K -- the K th species

CK -- the concentration of the K TMl
tota _, mixture)

species. (lb. of species/Ib, of

CpK ....
= the speclf_c heat of the K th speci_ t=:,d/Ib-°R)

P , pressure (Iblft 2)

* See Appendix A_ page 30 and 31 for the fin{te d:fferencu _o-m of .these

equations.
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2,2

2.3

Method (Cent;nued)

T ¢ temDerature (OR)

V = the tad;a] ve]_ity component (ft,/sec}

• th

WK = the net rate of production of _hc K species ( ! b_./_ t _sec)
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3.1.1

3.1.2

INPUT PREPARATION AND OUTPUT DESCRIPTION

Input Data Preparation

The input is from cards set up in the fol|owing manner:

See Appendix C for samp|e input listing. Forms i|lustrating this input
may be found on pages 20.1_ 20.21 and 20.3.

The definitlons_ units and explanations of all items of input ere listed
in section 2.1 of this document. The order and method of input follows.

Case Cards

There are two types of cases that can be input.

1. The input of ambient pressure,

2. The input of a duct shape.

The Input of Ambient Pressure

Card One -

TITLE Format (|ZA6)

72 alpha numeric characters

Card Two -

LSTART, INDPp NPP, NPORA Format (41_)

fixed point quantities

NOTE: NPORA = O

Card Three -

ALT, GMN, GAHJ I TEHPJt PJ, RGCJ_ RN, CPH

8 floating point quantities

Card Four -

TXD, DBFL Format (SFIO.O)

2 floating point quantities.

These are:

Format (SF lO.O)

* Page 19 is used for ambient pressure input.
Page 19 is used for duct shape input.
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3,,l.2 The Input of Ambient Pressure (Continued)

Card Five represents an array.
been produced•

Card Five -

BBI_ BB2_ BB 3, BB4_

8 floating point quantities per card.

Card Six represents an array of 5 variables.
times.

I = ], LSTART

Card Six -

TZI_ TRI, TTHETI_ TXMINIJ TPRESS!

5 floating point quantlt;es.

Card Seven -

AAA Format (12A6)

7] alpha numeric characters startinq in cc,!u_ *w,>•

Card E_ght -

NMAX, MHAX 3 NS_ LFRONT, KSLIP_ NMIN

6 fixed point quantities.

_ard Nine -

A_ Flm EPSON, FLET, PRTx DELTA

6 Floating point quant;ties.

Card Ten -

DX, FCON, RZERO1, REI RDZERO, TESMAX

6 floating point quantities.

Card Eleven -

TESMIN Format (6E!2.5)

I floating point quantity.

Repeat this card unti! NPP values have

• , , BBNp p Format (SFIO.(])

Repeat this card LSTART

Fornat (SFIO.C)

Format (IS I_,)

Format (6E 12.5)

Format (6E12_5)
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3.1.2

3.1.3

The Input of Ambient Pressure (Continued_

C_rd Twelve - ":-" °

C21,e_ C22_eJ C_3, e, C2g,e_ C25. e, C26_ e

6 floating point quantities.

Card Thirteen - *

C21_ s' C22,SJ C23_s"C24,_3 C25. S' C26_ S

6 floating point quantities.

Card Fourteen -

T2e, T2S, U2e, U2 S Format (6E12.5)

4 floating point quantities.

The Input of a Duct Shape

Card One -

TITLE For_t (12A6)

72 alpha numeric characters.

Card Two -

LSTART_ INDP_ NPP_ NPORA_ ISTS

5 fixed point quantities.

NOTE: NPORA : ]

Card Three -

ALT, GMNj GAMJ_ TEMPJ, P J, RGCJ_ RN, CPH

t

8 floating point quantities.

Card Four -

TXD_ DBFL Format (SFIO.O)

2 floating point quantities.

Card Five -

WSEC, PTSEC, TTSEC, GSEC, RSEC

5 floating point quantities;

Format (514)

Format (6E 12.5)

Format (6E 12.5)

Format (_FIO.O)

Format (8FiO.O)

Card twelve and thirteen are to be used only if an arbitrary profile is to be

input (NMIN i_ l).
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3.1.3

3.2

The Inl_ut of a Duct Shape (_.ontinuecl)

Card five through fourteen of section 3,l,2 of this clocument constitute
the remainder of input for the duct shape.

Output Data

There is only one type oi: output and it is in the forr_ o.f }'stings.
Each item of output is defined in the |istincl. See A;)penaix C for

sample output, See reference 3 for accuracy.
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4.0 GPERAT ING INFORMATION

4.! Program and Data Set-Up

4.1.l Program

The type of program input is binary or symbolic card__.

4. I .2 Data

The data ;s input in the form of punched cards anc ma,_net ;¢ tape.

(The input by magnetic tape is 0one .by the pro,3ran anc sho_|d not

concern the user.)

4.2 Machine Set-Up and Run Information

4.2.1 General Machine Operation

4.2.i.] The sequence of control cards is a_ Fo1_o_,(,,

]. Job card

2. Account time. card stating three tapes are used

3. Ex,ecute card

4. Print estimate card

!

5. A comment card indicating rapes B|, B2 and B3 w; ]_ hc used for

scratch and chain

6. Chain (I. B2) card

7. The binary deck of Plume

8. Chain (2, B3) card

9. The binary deck of Mix-Master

IO. Data card

If. The data deck

4.2.l.2 Run Time

The e'er;mated running ';,_ to co_pute a r_; .j,;_ _?l',_ H 7 O_), CO_• _, . .t

CO ant N 2 with a step size _._ ;: .05 fro,_. O to }.@rect ;,.,2.3_ minute_o

The tip,. to compute a ca_e increases linearly as X increases. It

also increases exponentially as _.%X decreases.
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_.2.1.3

4.2o1. _.

Print Out

The e_tir_ated number of !;nes of print for tme above case (_rintino

every £OOt) is 803.

Tape Unit Requirement_

I •

2.

3.

Logical tape 5 fo," ;nput o

Logical tape 6 for output.

_], B2 and B3 for scratch and chal:_.
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5.0 PROGRAMMING INFORMATION

_ee Appendix D for ";stlr,_s and storage requirements.

This prob_.em is writtcn as a cnain proqr_. The P1,J-_c pro,Ira _-, ;s the

First ]ink (chain 1, 32) 5nd Mix-_a_ter ;s tn_. secono :ha;n 2, B3).

Plur_e is executed and writes NxTAE, ant /'_TA_,K RT:k-,i<: PTABK; K -_ ]:NXTA2)

on Ioglcal tape It and "hen, calls chain .:_ P" Mi×-F'as',r, ;mmecl;ate)y

reads ]o_ica] tape 11 an(_ proceeOs w:t _ nor_,_. _×ecut:,,n. When Mix-

Master has completed a_.| compdtati_ps and prTnteO the octp,_t_ chain ]: B2

is ca_led, This process s rcpeated ur,t;! e" ;npb: cases have been

completed.
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6.0 APPENDIX A

P.urpose

This appendix contains al! of the modificati(_ns an_ addltions, made to

A_ 0317 op¢ AS 13ii to prod._cP [he Air Augmerted.Rocket Pc)wer Plant

Deslgr, Program.

It was compiled in order to r.;ake the CifFer-nces between the programs

reaOily available.

The paragraphs in this appendix are divided into t_vo (|as_ifications

as follow_:

I • The paragraph riJmber and the name of the routire whrre the modifi-

cations have OccLrred.

. The paraqr aph subd i vi _ ior r, UmlDt'r._ ant. the ,_C ; f i cnt i,_ns that have

occurred in the routi_.e in,Ji'_at:,d by the pdra,.)raFh number.

Appendix EyT_,bo!_ Definit ior,_ for Plu(,,e

Program Math

Symbo! _ Units

ASTAR A,

GSEC _SEC

•Def inti on

2
A A "the area of the secondary strear, ft

the crltica| area of the %econt_ary stream

gamma ;_ secondary stream (ratlc, ,¢

sprc;fi_ heat_)

_tat;C pressure ;r th. _econ4arv Ib/ft 2
P_EC PSEC

stream

[Otdi pressure in thr secondary stream lb/ft 2
PTSEC PTSEC

2
ft

RSEC R
SEC

gas constant in secr, ndarv stream

Appendix Symbo| Defin;tion_ for Mi_-Master

Program Math

Syr_bql. _ Defirition U_it_____.ss

AD

AMACH V N

CI(I,N) eli, N

the duct area at the current front.

the Math n_J_Ler at the N TM psl line

th
the t0ta] ccpcentration of the

species at the pr_vious front

lb. of spec,ie_
lb. total mix.
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6.0 APPENDIX A (Continued)

_.pendix Symbol Defimitin:s for Hi_-M_rter ICnntinued)

Program Math

Sy"_b('] _" .L. 1

C2(I_N) C2i, N

CBAR( I.,h) "C
ItN

CHAT(I,N) _i,N

CP(l,h) Cp.
tjN

DeFini_;on

.th
Trio concentr_.tior_ f_f the ;

species at the h th p,i ',ine.

; -- l_ 2, 3_ 4_ 5, 6 (42C _

H2_ 02_ C02_ C0j ar:d N2 respec-

t ive ly).

th
The concentr_ti:_ of t ge ,

species at the- N TM psi ',ine _f

the currert front due t(" m;xin,_.

th
Toe concentratlon of the ,

species at the N tn psi line of

the currer.t front as estab'i,,n,.d

by an atom ba|ar,ce eq atiop•

th
The specific heat of the _ species

at the N th psi line.

CP2 (n) CPN
The specific heat of the mixture

at the NTM psi line•

CUR Expression used in defining the

stability criteria of _.

D2MAX

DEL &t

The value of the expression

TESMAX-C22 _NMAX •

Error in C3_ N .

DERIV 5" The derivative of & wlth respect to

C22j N •

DPDX dP/dX The derivative of pressure with

respect to the axial coordinate.

DPSI _ The step size of the stream
function.

DTESMN The value of the expression

TESMIN-C26_ I •

DTESMX The value of the expression

TESMAX-C21jNMAX •

Un;t_

lb. of species
Ib• of total mix.

lb. ('f species

_b. of total mix.

lb. of species

lb. of total mix•

BTU/lb

BTUI Ib

lb. of species
lb. of total mix.

none

lb. of species
lb. of total mix.

lb. of species
lb.of total mix.
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6.0 APPENDIX A (Continued)

A,ppendix Symbo1,,Definitions for Mix-Master (Cuntinu,-d)

Program Math

S,ymbol Sy,_bo] Definition

DX .._X The step size of the axia|

coordinate.

EVN r .

"VN
Turbulent exchange corf_icient

at the Nth psi ]in+..

EVNMI

_VN. I
Turbulent pxcnange coc'ffic_,nt
at the N-I psi llne.

EVNMPI cVN+I
Turbulent exchange coeF¢iciert

at the N+I psi !inc.

FKC "Parameter used ir. the calculation

of nor,-equi!ibr;um net rate of

producti,)r.

FKP Equl ]ibrlum constant ca}culated as

a function of te::_peraturr-.

FLE I
e

Laminar Lewi_ numbor.

FLET I
e
t

Turbulent Lewis nur_ber.

rMU ;J V{ scos ity

H(I_N) h. Frtha]_y of the ;th

• ,N the Pith ps; llnt-.
t.peci,:s at

ICH[CK ICHECK .- O; a cod,- ir,,Jic,_tin_ th:it

the current front is to bt' _'rlrtcd

and the case t,__r_,in._t.,,d.

ICHECK = l; ;ndlc3tps the case _i!.l

be allo_,ed to c,_ntlr'u-. (See p_ra-

graph 6._._)

.th
K(subscript) i(._ubscript)Corresronds to the , sp_c i PS .

KSLIP The number of the p_; !int. cc_rre_-

pondin_ to the rad;us of the _o?_'[v.

P,(sunscrlpt) M(subscript)The nu'_ber corresponcinq to *i,"

front .

_h

N(subscript) N(',ubscript)Thf" nurbr_ corrr'spondir_j _o tn,' K '_'

psi lin._'.

U3 4288 2000 REV. 8162

Units

ft

|b/ft-sec

lb/ft-sec

Ib/ft-sec
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none

none

lb!ft-sec

BTU/Ib
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L.

_rPENDIY A (Cr,nt;nued)

ApI)_ncix _y-_bn] D,.-F_n_ti(,rs rot M;x-Master ICon!inu()

Program Mat h

fly nbol Svr_bo I Def in" t ior,

NMAX

NM !N

NXTA3

P P

PR P
r

PRT P
!"

t

PTAB

RDZFRO

RE

RH02

RRR

RTAB

RZERG!

T2

THRUST

U2

w(,)

%0

r
e

O

r

r 0
]

T2

Th M

U

t

T_ ,_aximu_. value _f N for which

calculatir_ns are p,-,rfr)r:_Ld.

The minimu,: valu,. • Of N f_r which

pr:ntout i'_ pr)ducPd (|ow_._ br_und

such that For al] calculati,ms _t

t_;, N is qr,_ater _r-,q_a| tr, NPIN)

:he ,'umber of v;_lue (. in XTA_, PT_Bs

a_d PTAB arrays.

Pressure•

lar:inar Fa.ndtl numb,'r.

'Tjrb_,]¢nt Prandtl nu_,b('r.

The name of the _rray th,_t stnres
the P table,.

The radi_s of the duct at X - O.

The radius of tho nozzle.

Density.

Rad{us.

The namL. of the arra_ that stor-s

the r t_ble.

The radius to th_ refer,,nce stream

line.

Temperature.

Thrust.

Axial vetocity.

Net rate of producti_r _f The i th

species.

Units

2
]b/ft

nope

none

ft

ft

lblft 3

it

ft

o R

Ib

ft/sec

lbM/ft3sec
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6.0

6ol

6,1.I

APPFN_I× A (Continued)

ApFcn.:ix 3ymbol. Def'eit?cns for Pix-Moster (Cn_,tln_ed)

Progra_t ffath

5y_.bo] _ _,fln'tion IJr.;t$

X X Axial di;tance t t_ the curr¢:rt
Front'.

ft

The value of the ;r_egral

"N

d ou

1

XTAB The name n¢ th,- array that stores

the X table.

i'D0 The value of psi corrPsp_ndir,g to
r •

'D O

rDM
The'radias ()f the duct. f t

W2 V The independent and dependent

.varlab_,es in the cubic equation
I

a'd3"+ bW _ + cW + d = '_

WDOTST _ST The initia! flow rate in the stream Ib/sec

tube_ defined by rO and the strea_1-
[

line (to) corresponding to the XTAB,

RTAB and PTAB tables.

Mix-Master (Main Program)

Chain Plume and Mix-Master Procrams

The Plume Program is the first chain _ink and writes the value of J_

(XTAB(K), RTAB(K), PTAB(K)_ K 1_ J) on logical tape 11. When this

has been completed the second chain link (Mix-Master) is called. Link
two immediately reads from logical tape II what llnk one has written

and proceeds tO normal input reading to conc]ude the case at hand.
When this case i_ completed control is transferred to ]_nk I which
reads in the next case.
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6.1.2 Case Term_natlon

6.1.3

6. I .4

When X becomes greater than XTABNxT_B: the current casp is ter,ninated
and a new case is begun.

CURVI

At the initial front there is an ab-upt chanqe betweer the values of:

l)

2)

3)

_)

axia| velocity between the jet an0 secondary stream

temperature between th_ jet and secondary stream

density between the jet and secondary stroam

species composition between the jet and secondary _tream

CURV] was written to replace this abrupt chan_ with a s_ooth trans-

ition. Thls transition is produced by fitting a cubic equation from

the jet to the secondary stream through an even (_N>) nl:nber of inter-

va]s centered about the KSLIP streaml;ne. The u_er may ovor-ride this

curve fit by giving toe input variable, NS. a valu_ of z_r(_. For a

more detailed explanation see paragraph _.4 of this aPp<,ndi_.

The G$ Calculation (Spacing of Psi-Lines)

Given r0l , re and KSLIP the following equation

_I 5+I
r - CKSL IpUKsL IP

e ro I f d_

5+ i = J
OlU I

may be solved for t& where

KSL IP °KSL IpUKsL i P

X_.L_- ( l ,.__L )_ _-___K-IUK-I oKUK 2 _u
K:2 PlUl

yielding

[ (re l" 1

re_ rOl and KSLIP - Input to Mix-Master
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6.1.5

6.1.6

6.1.7

6.1.8

The Print of the Initial Input

All values that the Mix-Raster Program reads in are pr.inted under the
heading "INITIAL INPUT" followed by six blank lines.

DUCT

Given the radius of the duct at the initial front it was desired to

know what effect the mixing would have on this radius. In order to

determine this, the DUCT subroutine calcu]ates the value of psi cor-
responding to the radius of the duct at the initial front. SinCe this

"psi line remains constant, DUCT can calculate the new duct radius (to

this psi line) at each subsequent front. DUCT also calculates the

thrust at each front. For a more detailed explanation see paragraph
6.2 of this appendix.

Arbitrary Profile Input

If after studying the data produced by a case l, the user wishes to
extend the case farther out along the axial coordinate he may input

an arbitrary profile, in the new case IA, NHIN will be the second
value of N produced by the last printout of the case 1 run. NHAX wlll
be the last value of N End NS = O. KSLIP will be the third value of

N. RZEROl wil] be the first value of Y produced by the last printout
of case I. RE will be the value of Y at KSLIP. RDZERO will be the

radius of the duct indicated on the last printout. The profile values

will be H20 , H2, 02, CO2, CO, N2, T2 and U2 at each value of N.

(N - NMIN, NMIN + l, NHIN + 2, . .., NHAX). Finally, X will be the

value indicated by the print statement '_ISTANCE DOWNSTREAH = XXX FEET".

Stability Criteria

Statementof Karplus stability:

Given a function of the form

a(em,n+ 1 - era, n) + b(em,n. 1 - am, n) + C(em+l, m - era, n) + d(em.l, n

-em, n) = 0

where a > 0 stability exists if ardonly if a, b, .c, d • 0 or

a+ b+c+ d<O.

Applying the above to the species continuity, momentum and energy equations
respectively, (section 6.6.2), we have:

KItN+ 1 " KIIN. I

l) a - KI, N + K2, N + 4

KltN+ 1 " KlaN. l
b = K I,N " K2,N " ' 4

U3 4288 2000 REV. 8/62 2-5142-2
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Stability Criteria (Continued)

C = -I

d=O

where

l,i • IJ e i
i OIUI _ +
_,2 i

!

Cv.L

iet i 1P
rt.

I

i = N_ N+lj N'I

K2 - / CV Le 1
rN2BL_ _ _NLeN + N t N

_.2 _ Pr-_ PrtN

substituting in the expression for a it is verified that a > O.

a+b+c+d = 2K - l
I,N

implies that for stability

i /PNLe ¢V Le ]1/2

L \ rN rtN

(2) KI,N+Ia i " KI_N. Ij i KI,N,i+] " Kl_Nai. 1
a = KI,N, i + 4 + 4

KlaN+If i - KlaN.lf i KI,N,i+l - Kl_,Nai.1
b = KI_,N, i " 4, " 4

C =: -|

d=O

where

rN25L_X

=- PNUlN(Pi ÷ CV.)
KIj'N_i Z_'_2 I

i =N

Again it is verified that a > 0 hence a + b + c + d = 2K
I tN,,i

- 1
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6.1.8 Stability Criteria (Continued)

implies that for stability

_> 2rN ONUI _N + CV ) _

K2fN+lni " K21N-lai K2,N,i+I " K2,N i-I K2

(3) a = K2,N,i + 4 + - /_ ' + CPN

K2.N+I,i " K2nN-11i K2tN,l+l " K2nN i-1 K2

b = K21Nt i - 4 _ CPN

C z: -1

d=O

where

rN215LSX ¢V
_ _ .NU] N lai +

K2,N, i - Z1_2 Pr i rt.
I

i =N

It can be verified that a > 0 hence a + b + c + d = 2K2,N, i

implies that for stability

- 1

I 28 PN cVN

Lit > !2r N PNUINZ_X _- + _-- ,
r N -J

L rtN

]/2

Since P < 1 and L > l (input) it is seen that the stability
r t e t

criteria applied to the species continuity equation is the most
demanding for the va|ue of _#o

To insure stability the maximum value of
( L

PNLcN VN et N

2rN2_ DNUI N "_--'-+ p ; N = 2, 3, ..., NHAX

rN rtN
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6.1.8 Stability Criteria (Continued)

is stored in CUR. The minimum value (DPSIH) that A# can be is

!

OPSIN = _ CUR'Z_

6.1.9

6.1.10

If A_ < DPSIN,_ A'Ir is doubled until L_ > DPSIH.

LetNHAX_ 8_ Z_X_ LeJ p Pr _ Prt input to Hix-Haster.

Restoration of Calculations when _ is Doubled

_ is doubled when NHAX > 197 (NMAX ls then calculated as NMAX/2 + 2

and NHIN - NHIN + 1 l) or when _$ < DPSIH When this occurs_ the
2

values stored at location 2N-I are re-stored at location N, (N = 1_ NHAX)

In effect NHIN and NMAX are halved. The doubling of _t ensures:

1) Stability 2) Storage allocations are not exceeded.

Mach Number Calculation

Prior to the printout at X determined by LFRONT given in the input_ the
Hath number is calculated at every psi line from NMIN to NHAX inclusive.
The Hach number is calculated as follows.

(1) VN, 
UN

__C "JCPN i G'P 1

PN "J - RN \ _N

P

since R N - PN'T2N

If we substitute for RN_ divide numerator and denominator by J and

expand we have the Hach number in its final form,

(2) VN =
UN

1

CPN" G" (oP-'-N)

(P/PN "T2N)

CPN - j

U3 _12.88 2000 REV. 8/62 2-S142-2
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6.1.10 I_ach Number Calculation (Continued)

where

G = gravitational constant (32.2 Ibm ft )
2

lbf-sec

J = conversion factor (778 ft lbf )
BTU

R = the gas constant of the mixture ( ft-lbf )
lbm°R

6.2 DUCT (Subroutine)

The DUCT subroutine calculates the duct radius (rDM) and the thrust
(ThM) at every front M given the followings

1. Axial distance (X) to front M.

2. The radius (rN_M) to some streamline outside the mixing region.

3. The value of psi (_N,M) at rN, M.

4. The density (p N_M) at r N_M.

5. The axial velocity (UN_M) at rNp M

6. The pressure (PM) at front M.

7. The radius of the duct (rDo) at X = O.

Initia]ly_ at X = O_ subroutine DUCT calculates the value of t (*Do)
at the given duct radius rDO by

_-1 _.1

(1) rDO " rN ' 1 *Do

1 (%oB + 1 = OU = PN,IUN,I " _N,I )

tN 1
I

(2) *Do B+ 1 ( " rN +" rD0 jl . _N_I

This determines the value of psi that corresponds to the duct radius

(roM) at any front M.
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6.2 DUCT (Subroutine) (Continued)

Initially rDM is set equal to rDO and ThH is set equal to O.

When X > 0 (corresponding to H > I) the duct radius (rDM) at frontH is calculated by the following form of (]):

|

_l (G + l) (*Do - IN,M) 6+---_
(3) = *

rDH L rN _M ON ,HUN ,H

The thrust over the Interval i0_ X I is defined by

Xo

!

J rD (X)(4) Th. = 2n • P(X) " tan Cz(X) dX

i 0

Hence for any intervat _XK.I_ XKq the thrust can be 'written as
t

(5) Th(K. I ,K)

XK

/= 2x rG(X) " P(X) • tan CZ(X) dX

XK- !

XK

dr 0= 2x rS(X) • P(X) • d-'X-dX

XK. l

(6) = 2x _J "roK r 5 " P(r) dr 0

_DK- 1

where a(X) is the angte the duct makes with the X axis and

dr 0
tan a(X) = d-_-

Since the radius of the duct may not be monotonic over the whole range

of X, the total thrust can not be written direct]y. It i_ reasonable
to assume however that the duct radius is monotonic over _XK.i_XKI .

With this assumption we can ca]cu|ate the total thrust to front H as
a summation of the form
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6.2 DUCT (Subroutine) (Continued)

H rDK

(7) ThH = _'_ 2_J

K=2 rDK.I

8
r " P(r) dr

Using trapezoidal approximation we obtain the final form

8

" (r° eK. - )(8) ,= 2_(B K-I 1 + ro K) (rD K rOK. l

Th H 22-6
KF2

(9) = + 5 _ PK- 6 pK)(r - ) 2 ]-6
Th H ThH. ] (rDK. ] ! + rDK DK rDKo ]

(program equation)

Baslca]]y then_ when DUCT is ca]]ed it saves the duct radius_ pressure
and thrust from the previous time it was called (previous front), It

then calculates the current duct radius (3), does the appropriate cal-

culations using the duct radius and pressure of the previous and current
fronts and finally adds the saved value of thrust to these calculations
to obtain the current thrust_ (9).

The calling sequence is:

CALL DUCT (X_ r p ' _ _ PM' rDO_ _))NM _rNM' roH Th H PNM' UNH #D O'

where:

X = the axial distanct to front H. ft. (input)

rNH = the radius to a psi !ine outside the mix region, ft. (Input)

tNH = the value of psi that corresponds to rNH, (input)

rDH = the radius of the duct at front H. ft. (output)

ThH = the thrust of the duct at front H. lbs. (output)
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6.2

6.3

DUCT (Subroutine) (Continued)

= the density corresponding to . lbs/ft 3. (input)
ONM rNM

UNM = the axial velocity corresponding to rNM. ft/sec. (input)

PM = the pressure at front M. Ibs/ft 2. (input)

rD0 = the radius of the duct at front 1 (X = 01. ft. (input)

= the value of the psi line with which th_ duct radius corresponds,
*DO (Output)

5 * ! or 2 (axisyrnn_trlc or two-dlmensiona] flow) (_nput)

INGRAT (Subroutine)

Subroutine INGRAT calculates the radius of every psi ]ine_ at each front_
from the basic equation

(1)

B+l _1
r N - r O

S+I

t N

= J. a_.!pU

tl

1
_N _+-"T

rN = 'r0 + (_ + I) pU

where

r_N = the radius to the _N streamline.

r O = the radius to the _1 streamline.

PN = the density at the _N streamline,

ft.

ft. (given)

lbs/ft 3. (p - f(_))

UN = the axial velocity at the tN streamline, ft/sec. (U = g($))

A combination of the trapezoidal and Simpson°s rule is used to evaluate
the integral of (l) in the folIowin 9 way

When N = 2 the integral
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6.3

6.4

INGRAT (Subroutine) (Continued)

_N

IN = /F _,±(
oU 2

1 1

ON UN Pl Ul

l __!__I . l
)(#N " *l ) = _" ( pN UN p| UI

(trapezoida ])

and (l) is then evaluated for r N.

When N = 3 the integral

_N

j .l(IN = pU

*l

1 1
÷_+

ON-2 UN-2 ON UN

and (1) is evaluated for r N.

4
) A* (Simpson's)

PN-I UN-]

When N _ 4 the integral

_N

IN = IN. 2 + J dt +

[ 1 1 1 4

ON UN IN. 2 _ ( + _ + ) A_= _N-2 UN'2 _N UN PN-I UN-I

tN-2

and (l) is evaluated for r N. This process is repeated for all I N and

rN_ N = 2_ . . ._ NMAX where NHAX is the maximum number of psi lines at

the particular front under consideration.

The calling sequence is

CALL INGRAT; The arguments being transferred via common.

CURV! (Subroutine)

Subroutine CURVI fits a cubic equation of the form

(I) aW 3 + bW2 + cW + d = y

Through an arbitrary even number of intervals (K). CURVI calculates the
K-I Intermediate points and stores these in the output array. The output

is stored in a manner which is convenient for transfer to the storage
arrays used in the finite difference calculations (see the calling se-

quence for particulars).
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t , , ,

6.4 CURVI (Subroutine)

The necessary inputs are:

]. The number of intervals (K).

2. The value y assumes at the end points of the Interval (YM and yN ).

3, The location (M) of the lower boundary point in the output array

(ANS).

Note that K = N - M. In this routine it is assumed that dy/cM = 0 at

the end points. Since the interval used ink' has no effect we chose
z_14 = ].

Consider the translation of axes.

(2) W' = (W " WM) to y' = (y " yM)

Thus at (W, y) = (WM, yM) , W' = 0 and y' = O.

Rewriting (I) in the new coordinate system we have

(3) a'w'3 + b'W '2 + c'W' + d' = y'

And differentiating with respect to W' we have

(4) 3a'W '2 + 2b'W' + c' dy'
=oWe

At W' = O, yl = 0 so (3) implies that d' = O.

Ii near
Since the translation was

(5) dv 0
= dW =

for W' = O. Looking at (4) this implies c' = O.

_31 and (4) for e and b we have
At (W, y) = (WN, yN ) solving ' _

2(y N - yM )
(6) a'= -

W'3 (WN . WM )3

(from the translation of axes)

(7) b' = 3_' _ 3(Yll " YM)

W'2 - (WN . WM )2

(it should be noted that since L3W= l_ WN

Substituting (6) and (7) into (3) we have

- W M -_N - M)
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6.4 CURV] (Subroutine) (Continued)

3(YN " YH) 2 2(YN - YH) W,3 = y,'"; W I

(wN wM)2 w.)3- (wN -

or

3(y N - yH) 2(Y N - yH)

K2 (Wj - WH)2 - K3 = YJ " YM

J = M+l, H+2, . . ., N'I

K=N°M

or

3(y N - yM)

K2
L2 2(YN " YH) L3 + YH = YJ

K3

(L,J) = (], H+]), (2, H+2), . .., (K-I, N-l)

The calling sequence is:

CALL CURV] (YH) YN' ANS, H, K)

where

YM = the left mos_ dependent variable of the intervals over which the
routine is to curve fit.

YN = the right most dependent variable of the intervals over which the
routine is to curve fit.

ANS = the name of the array where the K-] values of yj are stored.

(yj is stored in ANS(M), J = ], 2, ..., K-l).

M = the subscript of the left most variable in the interval.

K = the number of intervals (Z_4's) over which the routine is to curve
fit.
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6.5 NONEQI (Subroutine)

6.5.1

6.5.2

6.5.3

6.5.4

Since the Mix-Master uses an equilibrium chemistry, the order of computa-

tion for FKP i and _K have been changed. The computation of FKC I has been

eliminated. (i = 1 and 4_ K = ], 2, ..., 6)

The changes that were made are:

FKP i and _.= (i = ! and 4) are now computed in subroutine NONEQ3.

The computations for FKC. (i = 1 and 4) have been eliminated.
I

CPN, the specific heat of the mixture, now reads as

6

CPN _ .CPi ,N= C2 i _N

i=l

.th
C the specific heat of the 0

Pi,N psi line.
species. BTU/lbs°R at the Nth

where

. I 102. 416
Cp] _N TZN l/2 TZN

Cp = 2.857 + °2867 x ]0 .3 • T2 N + 9"92]

2,N T2N 1/2

Cp = .3598 - -_ + 47.8]

3,N T2NI/2 T2N

Cp = .368- 148 .0_2 x lO6

4 ,N _ + T2N2

Cp = .338 - z_.,_.+
5_N T2N

CP6 = .338 124pN " T2% +

.038 x l06

T2N2

.0414 x l06

T2N2

hi,N, the enthalpy of the l
now reads as

th th
species, at the n psi line. BTU/]b.

T2N1/2 104000hi, N = l.lO2 T2 N - 66.3 + 416.3 In T2 N - 1439 - l_
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6.5 NONEQI (Subroutine) (Continued)

,6.6

6.6.1

6.6.2

h2 ,N = 2.857 T2 N + .143 x IO "3 T2N 2 + 19.84 T2 N
l/2

- 230

h3_N

h4, N = .368 T2 N - 148 In T2 N -

hs, N = .338 T2 N - 113 In T2 N -

h63 N = .338 T2 N - 124 In T2 N - . T2 N

= .3598 T2 N - IO.75 T2N 1/2 + 47.8 In T2 N - 128.3

.O32 × 106
+ 887 -_

T2 N 44

.0_8 x, lO6 + 762 -

T2 N 28

.04.14 x 106
+ 815

The calling sequence is

CALL NONEQI where all arguments are transferred via common.

NONEQ.3 (Subroutine)

The following changes were made in NONEQ.3:

FKPI, N and FKP43 N are now calculated in NONE0.3 by

FKPlsN = 4.72xlO'4_IoIO('8974''8946To÷'J963To2''4501To3+'2858To 4"" 1139T05_ 2

FKP4, N = 4.72XlO._i loIO(.8879-.9653To-.2969T I./._ST -2.0TrO+6697To) ;
L J

T2 N
where TO = 1_0 ( 1."'8 " 1200 )

and T2 N is the temperature (OR) for the Nth psi line at the current front.

The momentum equation now reads as

U2 N UI N L_X GC dP L_X 2B
= ONUl N (d'_)N + L_r2_ ONUINrN (laN + _VN) (U1N+ l - 2UIN+U]N_I)

+ _- ÷ (ON+IU1N+lrN+ 1 - ON.iUlN.lrN. l )(UIN+ 12(PN cVN! 2_ 26 . UIN.I)

+ L_X4z3t20NUINrN26[(laN+]_ PN'I ) + (¢VN+I" (VN-I)] (UIN+ 1 - U1N. l)
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6.6

6,6.3

NONEO..3 (Subroutine) (Continued)

where

U] N is the axial velocity at the previous front

U2 N is the axial velocity at the current front,

GC is the gravitational constant,

(d.._) Is the derivative of pressure with respect to XN

The species continuity equation now reads as

28 L Cv Le

L_X PN UIN r N • N N
_i,N = Cli,N + (PN P'_ + - tN)(c]

_2 rN Prt N

L _VNLe t
e N

+ t_x ("N'_--* "
/_2 rN

i,N+]" 2Cli)N + Cli)N-I)

N) 28 2S
P (ON+I UIN+lrN+ l" ON. IUIN. IrN. I)(Cli)N+ l

rtN

UN_ I L

. Cli_N.l) + ZIX p, UI 28!, laN+l LeN+l etN- l
4L_2 N NrN i t P " p

rN+ ] rN- l

L L

EVN+I etN+l cVN-I etN'l )t (el - CI
+ ( P " P ' i,N+l i_N-I )

r r _

tN+ 1 tN- I

where

Subscript N corresponds to the psi llne referenced from the axial
coordinate.

-- .th
is the concentration of the i species at the current front.

Ci'N (This concentration Is due to mixing only.)
)

Cli) N is the total concentration of the i th species at the previous
front.

PN is the laminar viscosity at the current front.

L is the laminar Lewis ,number at the current front.
e N
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6.6 NONEQ3 (Subroutine) (Continued)

6.6.4

6.6.5

P is the laminar Prandtl number at the current front.
r N

cVN is the turbulent eddy viscosity at the current front.

L

etN is the turbulent Lewis number at the current front,

P is the turbulent Prandtl number at the current front.

rt N

Atom balance equations have been incorporated to read

"C'z,N = "C2 ,N + W2 _
W l I,N

C3,N = _3,N + 2Wl ,N + W4 C'4,N + 2W5 ,N

,N = C"4,N + _ C'5,N

W. = the molecular weight of the i th species.
I

The total species concentro¢ions are calculated by the following process

- 2+ (TzW3 "_2,N C22 IN ) 2W2 IN " C22,,N
5' = FKPI p WM ( C22, N

,%e

(C2 iN" C22 ,N_ [5'FKP_" 1/21,_, W4 ,,,, \'_
C22,N / ,,N _ 3N /

.!. .... _ +

/FKP4 tl/2 f C2fN " C22_N
[l + iFKPl_ i
L. _ C22,N /

W4 _F-_]/ _ " aN aN W4.,. . c2:,.. , ,N;-I .,.
" ' " FKP4:1/2 ,_ W4 ,,,, i " (:3 ,N

+ _ (;5 ,N / i C4, + C5
1 +',F-'_PI / , ,N _5 ,N'

where

l,

ls the error function of C3, N

2W2 C4,N
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6.6 NONEQ.3 (Subroutine) (Continued)

An Iteration for C22, N is made and when

•

equations 4 through 8 are evaluated for the total species concentrations.

If C22, N becomes less than 1000 before inequality 2 is satisfied, then

•

and

4.

•

t / W] J C2a N

C_2,N _" W4 _"C22'N _FKP1 P WM _t/_- __ W3 (C 4 + C5 )j
"VC3,N " 2W2 " W4 ,N _ ,N

WM = the average molecular weight of the mixture•

W1 -,,

C21'N = _2 (c2'N " c22'N)

2 2

W2 C2ll N
C23,N = 2 2

Wl C22_ N FKP! P WM.

o
I.F KP41! 1/2

c24,N:
C21N " C22 iN

C22, N

w4 _

C4,N + _ 5,N i,

FKP4 1/2 ( C21k " C221N)/1 + _ C2 2;FKPIi ,N

7. C25, N W _4 W4 _: _ ( + -- C 5 - C24, N)
W4 ,N W5 ,N

8. C26, N = C6, N

The net rate of production is then calculated for each species by

m

9. _K,N = (C2K,N " CK,N) PIUI/L_X K = l, 2, 3, 4, 5, 6
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6.6.7

!

h

NONEQ3 (Subroutine) (Continued)

The energy equation now reads

L3X dP + (U N + )
T2N = TIN + PN J CP2N (_'X)N CVN

PN U l N r_ 5 _X

4 GC J CP2 N At 2
(U1N+ ] - UlN.l )2

_'PN (V N \T

+ Z_X PN UIN r_Bl_ *'P---i (TIN+ ] " 2TI N + TIN. I)

AI2 , \ rN rt N •

.- '\ ,E

Z3X 25 / laN+l laN-1 ' ' VN+I

+ _ PN U IN rN _" '+ :
4L_12 IP P ! P

\ rN+l rtN-l' \ r' tN+ 1

÷

VN'I (TIN+ l - TIN. I)
r /

tN.l- -

Z_X i + : (PN+I UlN+l rN+l CP2N+I

/_12 CP2N _ rN r ,
t N

" DN'I UIN-] r_)l CP2N-I)(TIN+I" TIN-I) +
Z_X PN UIN r_ 6 'I_N LeN

4 CP2 N Ai 2 _ Pr N

(V N LetN
\\ r

+ p ) .. CPi,N(TIN+ l - TlN_l)(Cli,N+ t

rt N /' i=1 k

6

. L_X _-_ _i h
PN CP2 N U l N _N i_N

- CI i ,N.i )

where TI N is the temperature of the previous front,

Limiting the calculations in NONEQ3 to the mixLng zone and termination
of the case,

At the beginning of a case the mixing zone is very small compared to the

total region considered. Since the regions on either side of the mixing
zone are assumed to have one dimensional flow the calculations in these

regions have been reduced. Three points in either direction outside
of the mixing zone are maintained. Any concentration less than TESMAX

and TESMIN was assumed to be round-off in our calculations and H20 _

H2_ and N2 was set to TESMAX - DTESMXj TESMAX - D2MAX and TESMIN - DTESMN

respectively.
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6.6

6.6.8

NONEQ3 (Subroutine) (Continued)

Expansion outwardly to the duct wall and inwardly to the reference

psi line (t])

If uncontrolled, the mixing region will very often expand outwardly

past the duct wall. To prevent this the following analysis has been

incorporated: Psi corresponding to the last point in the mixing re-
gion PSINM3 (at NMAX-3) is compared with the value of psi at the duct

wall (PSID). If PSINM3 • PSIDj the largest value of 'psi' is found
such that

'psi' _ PSID • PSINM3

NMAX is then set equal to the value of '%" that corresponds to 'psi'.

All values at NMAX-] are sat equal to the corresponding values at
NMAX. NMAX then re.wlins constant until At is doubled. When At is

doubled the above analysis is again initiated.

Since negative subscripts cannot be allowed, twochecks are made to

determine if the case being run has expanded inwardly to the refer-

ence psi line (_]) and will be terminated. If NMIN > 2 and

r] = ro] = 0 (r01 = 0 signifies that the reference psi line (to) is

the axis of symmetry), NMIN is set to one, ICHECK is set to one, the
values at NMIN are set equal to the corresponding values at NMIN + l

and the case is allowed to run out to the number of fronts specified
by MMAX. For the remainder of the case NMIN remains constant.

If NMIN < 2 and r 0 / O, NMIN is set to one, ICHECK is set to zero,
]

and the statement '_HE NINIMUM SUBSCRIPT = l" is printed. Control is

returned to the main program where the current front is printed and the
case terminated.

The calling sequence is;

CALL NONEQ3 (IDUCT, PSID, TESMAX, TESMIN, DTESMX, DTESMN, D2HAX)

where -

IDUCT = IDUCT / O indicates the mixing region has expanded to the
duct wall.

IDUCT = 0 Indicates the mixing region has not expanded to
the duct wall. (Internally determined)

PS ID = The value of psi corresponding to the radius of the duct
at the current front.

TESMAX = Input to Nix'Raster

TESMIN = Input to Mix-Raster
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6.6 NONE03 (Subroutine) (Continued)

6.7

DTESMX = TESMAX - C2(1, NI_X)

DTESMN = TESMIN - C2(6, l)

D2HAX = TESHAX - C2(2_ NHAX)

PRESS (Subroutine)

Subroutine PRESS does a table look up for r] and PM given X at front M
and evaluates dP/dX.

Given XTAB, RTAB, PTAB {Input to Mix-Master) and X_ PRESS uses the TAB

function (SHARE Routine GHTABF) to interpolate for ri and PM using second

order polynomial interpolation. Then using XTAB_ PTAB, X + .l and X - .1

the TAB function interpolates the Pl and P2. PRESS then uses these
values to calculate dP/dX.

dP P] - P2

dX .2

The calling sequence is

CALL PRESS_ the arguments being transferred via common.

6.8 Changes to Plume Program

The input form was rearranged and put into the form given in section
3.l. The output was changed so that the coordinates have dimensions

rather than assuming the nozzle has unit radius. Subroutine PAMBPT

was altered slightly so that it recognized when an iteration failed
to converge. Subroutine PSEC was added (see section 6o8.1) and is

called by PAHBPT. Subroutine STORE was written (see section 6.8.2)

and is called by the chain version of the main program.

6.8. l PSEC

Subroutine to compute static pressure in secondary stream for the
Plume Program.

6.8.1.1 introduction

The user requested the ability of either inputting the static pressure

distribution of the secondary stream or the effective duct shape and
the total conditions in the secondary stream. He also requested the

option of either using polynomial input or tabular input. These requests
have been implemented in the Plume Program by the addition of several
items to the input list, and by writing subroutine PSEC,

6.8.1.2 Nomenclature

The inputs are described in Input Symbols Definition (Section 2.l).
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6.8.1.2 Nomenclature (Contl-nued)

Specifically_ the inputs which were added are:

(INDPj NPP, NPORA_ ISTS, WSEC, PTSEC' TTSEC' 7SEC' RSEC, BB)

The array BB is used for all functions of X (either static pressure
or effective duct in either polynomial or tabular form).

6,8,1.3 Method

If B8 is given as a polynomial in X (INDP = O) then the functional
value at any X is defined as:

f(X) = BB(1)X NPP'] + BB(Z)X NPP'2 , ..., BB(NPP-I)X + BB(NPP)

If BB is given as a set of tabular data (INDP _ O) then the functional

value at any X is found by a linear table lookup. The table is to be

stored in the BB array by alternately giving the independent and dep-
endent variables. As an example 2 the table:

x L f(x)

0 I I00.0

l.0 j 150.02.0 140.0

would be input as,

Be(z) = o.o
ee(2) = lOO.O
BB(3) = l.O
es(_) = 150.0
Be(5) = 2.o
Be(6) = 14o.o

The first value of the independent variable must be less than or equal
to zero and the independent variable must be strictly increasing.

If the static pressure is being input, subroutine PSEC merely sets the
pressure (P) equal to the functional value (f(X)) as defined above.

If the effective duct shape is being input then the static pressure is
defined as a root of the following equation=
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6.8.1.3 Method (Continued)

2 ' I+TSEC

/PsEc _7SEc ;PsEc "S EC

I+7SE C

/A.\, 2 7SE c - ]I'TSEC + ]_\_
" IR 2 , 2 (l)

\ 1'

where A is the area of the secondary stream and A, is the critical
area of the secondary stream. Then A_ is given byJ

A, =
0.1762 _SEC

F 7SEC+ l
r

and A is biven by

I/2

L 2",A = x f(x) 2 _ YSL :

where f(X) is defined by the BB array and YSL is the y coordinate of

the inviscid sllp line. Thus given (X, YSL ) the subroutine finds

f(X), A,, A end then iterates to find P. Unfortunately there are two

solutions to equation (]). These represent the supersonic and sub-

sonic flow conditions. The program input ISTS determines whether the
flow is initially supersonic or subsonic. If ISTS # 0 then the flow Is

assumed to be initially supersonic and it is assumed that the flow will

remain supersonic throughout the duct. If ISTS = 0 then the f|ow is
assumed to start subsonic. The subroutine will attempt to determine

which solution to take by extrapolating the last two pressures to see

which way the pressures were heading. Equation (l) is so]ved using
NewtonSs iteration scheme. The iteration variable is

_T'_C'j PSEc° given an estimate at the above ratio
rather than Thus

\PTsEC/] and the error (E) given by
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6.8.1.3 Method (Continued)

I+TSEC

/PsEc \I 7SEC /P.('SEC 17SEc

E- t_..}l \.PTsE¢I

,A_ ,2 7SEc -
2

1+75 EC

1 /_SEC .,+ I,I'TsEC

\ 2 .J

/'PsEc
Then the next estimate for the pressure ratio _--

\PTsEC,'2
is given by:

6.8.2

_PsEc "_" /_SEC_

TSEC/2 = ,.PTsEC. ]

_)E
-E

,.PTSEC. ]

where

_E

_)/PsEc

\PTs EC / 1

2"TSE C

7 5
2 PE_. L' EC

7SEC PTSEC 1

]_!__

1 + 7SE c PSEC 7SEC

7SEC PTSEC. / 1

The two solutions can be identified by the sign of

_E
if

',
\PTsEC/l

_E

_PsEc h "
!--
_,PTsEC/I

< 0 when (1) is satisfied_ then we have found the

subsonic solution. If
_E

ai 'PSEC t

:_PTsEC/I

> 0 when (1) is satisfied_ then

we have found the supersonic solution. By testing this partial deriva-

tivet the program is able to find the desired solution.

Subroutine STORE

Subroutine STORE was written to save the values of X_ y and PSEC at

the boundary points of the plume. This is done only in the chain

version. Once a case is comp}eted subroutine STORE writes this
information On logical tape II.
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APPEND IX B

Independent Plume and Mix-Master Input
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7.0

7.1

7.1.1

PURPOSE (APPENDIX B)

This appendix states the method of input for Plume and Mix-Master

when they are used as independent programs. _

The input for Plume will be given first followed by the input for
Mix-Master.

Plume Data Configuration

Two types of input may be used for Plume. They are given in 7.l.1 and
7.1.2.

Ambient Pressure Input

Card one -

TITLE Format (12A6)

72 alpha numeric characters.

Card two -

LSTART_ INDP_ NPP, NPORA Format (414)

4 flxed point quantities.

Card three -

ALT, GMN, GAHJ_ TEMPJ, PJ, RGCJ, RN, CPH Format (SFlO.O)

8 floating point quantities.

Card four -

TXO_ DBFL Format (SF[O.O)

2 floating point quantities.

Repeat the next card for NPP values. Read BBI_ BB2_ BB33 ..._ BBNpP

inclusive.

Card five -

BBI_ BB2, BB3_ ..._ BBNpP Format (SF10.O)

8 floating point quantities per card.

D

The independent version of Plume and Mix-Master contain the modifications

and/or additions given in appendix A with the exception of the linkage, All
nomenclature used in this appendix may be found in the Air Augmented Rocket

Power Plant Design Program input nomenclature lists,
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7.1.1

7.1.2

Ambient Pressure Input (Continued)

The next card represents an array Of variables.

DO I = !_ 2_ 3_ ..-2 LSTART

Card six -

TZ I_ TR I_ TTHET I_ TXHN I, TPRESSI

5 floating point quantities.

Duct Shape Input

Card one -

TITLE Format (12A6)

72 alpha numeric characters.

Card two-

LSTART, INDP, NPP_ NPORA Format (414)

4 fixed polnt quantities.

Card three-

ALT_ GNNj GANJ_ TEHPJ_ PJ, RGCJ_ RN_ CPH

8 floating point quantities.

Card four-

TXD_ DBFL Format 8FlO.O)

2 floating point quantities.

Card f ive -

WSEC, PTSEC_ TTSE_, GSEC, RSEC

5 floating point quantities.

Repeat the next card for NPP va]ues.

Card six -

BB), BB2J BB3_ ..., BBNpP Format (8FIO.O)

8 floating point quantities per card.

The next card represents an array of 5 variables.

DO I = l_ 2_ 3_ ...9 LSTART

Format (8F 10.0)

Format (8F I0.0)

Format (8F 10.0)

Read BBI_ BB2, ..._ BBNp P inclusive.
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7.1.2

7.2

Duct Shape Input (Continued)

Card seven -

TZI, TRI, TTHETI, TXMNI, TPRESS

5 floating point quantities.

Mix-Master Data Configuratlon

Card one -

AAA Format (12A6)

Format (81:10.0)

71 alpha numeric characters beginning in column 2 and ending in
column 72.

Format (15 14)

Format (6E12.5)

Format (6E12.5)

Card two-

NMAX_ MhtkX, NS, LFRONT, KSLIP, NMIN

6 fixed point quantities.

Card three -

A_ FL, EPSON_ FLETj PRT_ DELTA

6 floating point quantities.

Card four -

DX, FCON_ RZERO]_ RE, RDZERO! TESHAX

6 floating point quantities.

Card f ive -

TESHIN Format (6E12.5)

! floating point quantity.

Card six-

NXTAB Format (15 14)

| fixed point quantity.

The next card represents an array of 3 variables.

I -- ], NXTAB

Card seven -

XTABI, RTABI_ PTAB I Format (3E16.7)

3 floating point quantities.
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7.2 Nix-Master Data Configuration (Continued)

The next card represents an array of 8 variables,

I -- NHIN, NMAX

*Card eight -

C21tl _ C22_1' C23,1 _ C24_1 _ C25t1' C26t1' T21, U2

8 floating point quantities.

Card nine °

X Format (BE 10.3)

1 floating point quantity.

Card ten -

C21, e, C22. e, C23 C24 , C25 , C26je 3 _e _e _e

6 floating point quantities.

Card eleven -

C21,S_ C22,S_ C23_ S' C2/_S_ C25_SJ C26, S

6 floating point quantities.

Card twelve -

T2e, T2S, U2e, U2S Format (6E12.5)

4 floating point quantities.

Format (BE 10.3)

Format (6E12.5)

Format (6E12.5)

* Card eight and nine are to be used only if an arbitrary profile is to be input.
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APPEND I X C

Sample Input and Output
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INPUT AND OUTPUT FOR

AIR-AUGMENTED ROCKET

POWER PLANT DESIGN PROGRAH
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Explanation of physical quantities used for the Air Augmented Rocket Power Plant
Design Program in the order they are input.

Case identification = CASE 76-P4

Code indicating there will be no variable properties input = 0

Code indicating tabular values of ambient pressure or duct radius will be
used = ]

Number of tabular values = 4

Code designating ambient pressure is input = 0

Code for indicating the flow in the secondary stream is subsonic or supersonic

at the nozzle exit plane is not used when ambient pressure is input. Hence I
this code can have any value. (Set = O)

Altitude = 0.0 ft.

Hach number of the rocket exhaust = 3.17

Ratio of specific heats of the rocket exhaust = 1.22

Static temperature of the rocket exhaust 3681.0°R

Static pressure of the rocket exhaust = 1899.0 lb/ft
J

ft. lbs.
Gas constant of the rocket exhaust = 65.1 lb. mass OR

Nozzle radius = 1.833 feet

Code indicating the flow is axisymmetric = l.O

Maximum axial distance the Plume Program will reach = lO.O feet

Number of degrees between fan lines in the Prandtl-Heyer expansion = 0.1
angular degrees

Table of ambient pressure as a function of axial distance =

X (feet) P(lb/ft 2)

0.0 1600.0

10.0 1475.0

Case identification = CASE 76-P4

Number of grid points at the initial front = 196

Number of fronts for which properties are to be evaluated = 200

Number of points to curve fit between the jet and secondary stream = 3
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Print interval = 20 fronts

Number of the t line that corresponds to the radius of the slipline at the
initial front = 129

Exponent in the turbulent layer growth law = l.O

Reference length = 1.0 foot

Reichard°s exchange coefficient = 3.0

Turbulent Lewis number = 1.2

Turbulent Prandti number = 0.8

Code indicating the flow is axisyn_etric = 1.O

Axial step size = 0.05 foot

Viscosity constant = O.O

Radius to _I = O.0 foot

Radius to the slip line at the initial front = ].833 feet

Radius of the duct at the initial front = 4.0 feet

Value used to determine when the mixing region has expanded outwardly to

lb. of H2P
• ithe secondary stream = .00OO1 J

lb of mixture

Value used to determine when .the mixing region has expanded inwardly to the

lb. of N 2
I

jet stream = .00001 lb. of mixture

Jet stream values of H20 _ H2_ 02_ C02_ C0 and N2 = 0,,2585_ 0.01179, 0.0,

lb. of species0.324p 0,4051 and 0.0
]b, of mixture

Secondary stream values of H201H2_ 02_ C02_ C0 and N 2 = 0.0_ 0.0p 0o2_

0o0_ 0.0 and 0,8 lb. of species
lb. of mixture

Jet and secondary stream val_s of temperature = 638],0 and 70_.0°R

Jet and secondary stream values of axial velocity = 9734.0 and 748.0 ft/sec
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INPUT AND OUTPUT

FOR

PLUME (AMBIENT PRESSURE)

U3 426.6 2000 RE.V. 8/62
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Explanation of physical quantities used for the Plume Program in the order they
are input.

P

Case identification = SAHPLE CASE AHBIENT PRESSURE INPUT

Code indicating there will be no variable properties input = 0

Code indicating tabular values of ambient pressure or duct radius will be
used = I

Number of tabular values = ]4

Code designating ambient pressure is input = O

Code for indicating the flow in the secondary stream is subsonic or super l

sonic at the nozzle exit plane is not used when ambient pressure is input.
Hence_ this code can have any va|ue. (Set = O)

Altitude = O.O feet

Mach number of the rocket exhaust = 3,O5

Ratio of specific heats of the rocket exhaust = 1.2

Static temperature of the rocket exhaust = 2970.O°R

Static pressure of the rocket exhaust = ]540.O lb/ft 2

ft. lbs.
Gas constant of the rocket = 65.2

lb. massOR

Nozzle radius = .207 foot

Code indicating the flov_ is axisymmetric = 1.0.

Haximum axial distance Ix) the Plume Program will reach = IO.0 feet

Number of degrees between fan lines in the Prandt]-Neyer expansion = 0.5
angular degrees

Table of ambient pressure as a function of axial distance =

.X (feet) P (Ib,/ft 2)
!

o.o 985.0
0.417 750.0
I.o 495 .o
1.25 452.0
1 ._ _.o
1.875 379.0
2.21 328.0

U3 4.288 2OOO REV. B/62 2 -5142-2

REV SYM
_'_'f,_t/'_' I NO.

SECT.

AS 1927
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INPUT AND OUTPUT

FOR

PLUHE (DUCT SHAPE)
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Explanation of physical quantities used for the P|ume Program in the order they
are input.

Case identification = SAHPLE CASE DUCT SHAPE iNPUT

CoOe indicating there will be no variable properties input = O

Code indicating tabular values of ambient pressure or duct radius will be
used = l

Number of tabular values = 4

Code designating duct radius is input = 1

Code for indicating the flow in the secondary stream is subsonic at the

nozzle exit plane = O

Altitude = O.O feet

Nach number of the rocket exhaust = 3.05

Ratio of specific heats of the rocket exhaust = lo2

Static temperature of the rocket exhaust = 2970.0°R

Static pressure of the rocket exhaust = |540.0 lb/ft 2

fL. Ibs.
Gas constant of the rocket exhaust = 65.2 lb. mass°R

Nozzle radius = .207 foot

Code indicating the flow is axisymmetric = 1.O

Maximum axial distance (X) the Plume Program will reach = IO.0 feet

Number of degrees between fan lines in the Prandtl-Heyer expansion = O.5
angular degrees

Total mass flow in the secondary stream = 22.33 lb/sec

Total pressure in the secondary stream = 1457.O lb/ft 2

Total temperature in the secondary stream = 707.O°R

Ratio of specific heats in the secondary stream = 1.4

ft. ]bs.
Gas constant in the secondary stream = 53.3

lb. mass°R

Tab_ of duct radius as a function of axial distance =

X (feet) r (feet)

0.0 0.562

2.28 0.743

'J3 4288 2000 REV. 8 62
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INPUT AND OUTPUT

FOR

HIX-I_STER

U3 428B 2000 REV. 8/62
2 "$14Z'2

REV SYM
NO°

SECT.

AS 1_27

I PAGE 93



Explanation of physical quantities used for the Mix-Master Program in the order

they are input,

Case identification = CASE BS-!

Number of grid points at the initial front = 196

Number of fronts for which properties are to be evaluated = 400

Number of points to curve fit betweenthe jet and secondary stream = 3

Print interval = lOO fronts

Number of the _ line that corresponds to the radius of the slip line at
the initial front = 129

Exponent In the turbulent ]ayer growth law = 1.0

Reference length = ].0 foot

Reichard=s exchange coefficient = 3.62

Turbulent Lewis number = 1.2

Turbu]ent'Prandt] number = 0.8

Code indicating the flow is axisymmetri¢ = ].0

Axia] step size = 0.05 foot

Viscosity constant = 0,0

Radius to tl = 0.0 feet

Radius to the slip line at the initial front = 1.833 feet

Radius of the duct at the initial front = 4.4 feet

Value used to determine when the mixing region has expanded outward]y to

lb. of H20
the secondary stream = .0000]

lb. of mixture

Value used to determine when the mixing region has expanded inwardly to the

lb. of N2
jet stream = .0000] -

lb. of mixture

Number of points of axial distance (X)_ radius (r) and pressure (P) in the
table = ]

U3 _88 2000 REV- 8/62

REV SYM Bo_rJ_bltG I NO. AS 1927

1sEcT I

2-St42-2



Table of X, r and P =

x (feet)

0.0

I0.0

20.0

r (feet) !, P (lb/ft)

1.833 2145.0
1.833 2145.0

1.833 2145.0

Jet stream values of H20_ H2_ 02_ C02_ CO and N2 = 0.2585, 0.01179_ 0.0,

lb. Of species
0.324, 0.405 and 0.0

lb. Of mixture

Secondary stream values of H20 , H2_ 02, C02, C0 and N2 = 0.0, 0.0, 0.233,

lb. of species
0.0, 0.0 and 0.767 lb. of mixture

Jet and secondary values of temperature = 3681.0 and 809.0°R

Jet and secondary values of axial velocity = 9734.0 and 489.0 ft/sec

U3 42BB 2000 REV. 8/'62 2-$142 -2

REV SYM. mofllvo I m°" AS 1927
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APPEND IX D

Program Flow Charts,

Deck Sequencing and Listings

U3 42.08 2.000 REV. 8/62 2-5142-Z
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PLURE (CHAIN LINK I)

U3 428B 2000 REV. 8/62

REV SYM. ,,O_N_ INO.
SECT.
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S,.T' = 5.E "1-9

,.ST = _.e3"

NPXP = 0

V/kC.l_t,/ -- O.

OF__L..T/k -'O.

EPS___4 = =.E-_
F_,C.T = I. /_'G'_2.

N ZT ER. = I-oO

EPS i =8.72£E-3

_PS2 - 8,72_ E-3

EPS=J= 1. E-3

EPS4 = ±.

F,.PSS = i.E-E

SPT,5 = 20.

:kR. 2 = :_ E-4
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5DLIN% = .E

SPTPC = .3

SPTLC= .2

_PTX = .2

A_D FdR

t

REF.,._ :N p'jT : U STAR1 ; pr_ G_1N,

TEM P.T G_ M,r_

RGC _r,RN ) I"XD;
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IADL IVt =TX b

SNDD "=(DBFL / G'E LTFIE_) m.:91 '

'm --_ill:l:_
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PRINT ; ]
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SUBROU'TTNE >PRES_

SET UP fin tIRRtly

k. ANb LL TO "INTERPOL/_'TE

FOR. RJ_D'rU_ /_ND

PRESSURE A_ A FUklCT.T-OI_

OF ,X,

1
BZ=- o.l

R_ERO= TaBF(_,.L)..,

P= TABF(X_ LL)

PI = TABF(X,_O_._ LL')

PZ = T/_BF (.X- b_., LL)
,_= ' I::,I-PJ

1

.! ;. ,: ,,

CALC

CHECK

APR

A_

U3 4038 8000 (WAS BAC 1017 RS)

REVISED DATE

PRE%S

BOEING AIRPLANE COMPANY

1..,,.-7

PAGE

D-75

2 -7000
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i
N_I " ! "

q
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- J,._, 3,4, S_ f_ I

CALC

CHECK

APR

APR

REVISED DATE

NONEQI

BOEING AIRPLANE COMPANY '_--_76

AS 19_-/
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5UBROU TI N E

_GRAT

"1
'"" _""+_{zt_:
-4w-+_]:_'

CALC

CHECK

APR

APiL

U3 4038 8000 (WAS BAC 1017 RS)

IttVlSED DATE

INGRAT
AS 19C7

BOBNG AIRPLANE COMPANY PA@I:•
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C

P.1 = Pl

t"• \

, .bUCT \

,_,,_ ,-P,r=o,,_p=,,,_)/

,P,_ -

I !C-C')T'_:_/

rb_, ;:
Pt :.:.

r

f

j-g

CALC

CHECK

API

APR

U3 4038 8000 (WAS BAC 1017 RS)

IEYISED DATE

DUCT
AS 1927

BOBN@ AIRPLANE COMPANY PA(;E
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2 -7000



SYMBOLIC DECK SEQUENCE NUMBERS

PROGRAH NAME

PLUME

EO.USS

EQUSP

EQUSRO

EQUSH

EQUSAV

EQUST

EQUSHP

PSEC

DATE

PRI DAT

PHXPAV

STORE

INTER

PTFTAX

1NTRPT

PAMBPT

INSHPT

PTOTAX

(Chain version)

HIX-HASTER (chain version)

CURVI

PRESS

NONEQI

INGRAT

DUCT

NONEO3

PLUME(non-chain version)

MIX-HASTER (non-chain version)

SE_UENC,E,

19270001 -

19271013 -

19271025 -

19271037 -

19271051 -

19271064 -

19271072 -

19271080 -

19271092 -

19271230 -

19271257 -

19271265 -

19271352 -

19271375 -

19271411 -

19271509 -

19271646 -

19271727 -

19271963 -

19272019 -

19272366 -

19272380 -

19z72z#_3 -

19272493 -

19272535 -

19272557 -

19272809 -

19273812 -

NUMBERS

19271012

19271024

19271036

19271050.

19271063

19271071

19271079

19271091

19271229

19271256

19271264

19271351

19271374

19271410

19271508

19271(_5

19271726

19271962

19272018

19272365

19272379

19272/d42

19272492

19272534

19272556

19272808

19273811

19274148

U3 428B 2000 REV. 8/62

REV SYM _FJAY4_'
NO.
SECT.

AS 1927

I PAGE D-79

2-814Z'2



BINARY DECK SEQUENCE NUNBERS

PROGRAH NAME

PLURE (chain version)

EQUSS

EQUSP

EQUSRO

EQUSH.

EQUSAV

EQUST

EQUSHP

PSEC

DATE

PRIDAT

PHXPAV

STORE

INTER

PTFTAX

I NTRPT

PAMBT

INSHPT

PTOTAX

NIX-MASTER (chain version)

CURV]

PRESS

NONE_.I

INGRAT

.DUCT

NONE03

PLUHE (non-chain version)

HIX-HASTER (non-chain version)

SEQUENCE NUNBERS

19270001 - I9270231

19270232 - 19270236

19270237 - 19270241

19270242 - 19270246

19270247 - 19270252

19270253 - 19270255

19270256 - 19270258

19270259 - 19270263

]9270264 - 19270294

19270295 - 19270297

19270298 - 19270300

19270301 - 19270321

19270322 - 19270327

19270328 - 19270338

19270339 - ]9270371

]9270372 - 19270412

19270413 - 19270438

19270439 - 19270515

19270516 - 19270533

19270534 - 19270635

19270636.- 19270641.

19270642 - 19270651

19270652 - 19270671

19270672 - 19270680

19270681 - 19270691

19270692 - 19270775

19270776 - 19271003

19271004 - 19271104

U3 4288 2000 REV, 8/62

REV SYM
_,&p,4rJAw4p' I NO.

SECT.

AS 1927

I PAC_

2 -S142-2
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